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We investigate the relaxation behavior of thin films of a polyamide random copolymer, PA66/6I,
with various film thicknesses using dielectric relaxation spectroscopy. Two dielectric signals are
observed at high temperatures, the α-process and the relaxation process due to electrode polarization
(the EP-process). The relaxation time of the EP-process has a Vogel-Fulcher-Tammann type of
temperature dependence, and the glass transition temperature, Tg, evaluated from the EP-process
agrees very well with the Tg determined from the thermal measurements. The fragility index derived
from the EP-process increases with decreasing film thickness. The relaxation time and the dielectric
relaxation strength of the EP-process are described by a linear function of the film thickness d for
large values of d, which can be regarded as experimental evidence for the validity of attributing
the observed signal to the EP-process. Furthermore, there is distinct deviation from this linear law
for thicknesses smaller than a critical value. This deviation observed in thinner films is associated
with an increase in the mobility and/or diffusion constant of the charge carriers responsible for
the EP-process. The α-process is located in a high frequency region than the EP-process at high
temperatures, but merges with the EP-process at lower temperatures near the glass transition region.
The thickness dependence of the relaxation time of the α-process is different from that of the EP-
process. This suggests that there is decoupling between the segmental motion of the polymers and
the translational motion of the charge carriers in confinement.
PACS numbers: 71.55.Jv; 81.05.Lg; 77.22.Ch
I. INTRODUCTION
Amorphous materials exhibit glass transition behavior
when cooled from a high temperature to a low temper-
ature under appropriate cooling conditions [1]. At the
glass transition temperature, Tg, the motion of the α-
process is almost frozen, such that the characteristic time
of the motion extends to a macroscopic time scale. For
polymeric systems, the physical origin of the α-process
is attributed to the segmental motion of the polymer
chains. The freezing of the α-process can usually be ex-
plained by an anomalous increase in the scale of the char-
acteristic length of the dynamics when approaching the
glass transition temperature [2]. Dynamical heterogene-
ity is strongly correlated with this increase in the scale
of the characteristic length, and can be regarded as the
most important concept in elucidating the mechanism of
the glass transition [3]. Glass transitions in confined ge-
ometry, such as thin polymer films and small molecules
in nanopores, have been widely investigated to determine
the scale of the characteristic length in the glass transi-
tion dynamics [4]. Recent measurements show that for
thin polymer films there is a large deviation in Tg and
related dynamics from the bulk, albeit with some excep-
tions [5, 6].
Being related to the heterogeneous dynamics near the
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glass transition temperature, the correlation between two
different modes of molecular motion has been investi-
gated [7, 8]. For example, decoupling between the trans-
lational and rotational motions is usually observed in su-
percooled liquid states near Tg. Similar decoupling of
the translational and rotational motions has also been
observed in confinement on the nanoscale [9].
The dependence of the glass transition on the film
thickness has been investigated mainly for non-polar
polymers, such as polystyrene, poly(methyl methacry-
late), and so on [10, 11]. In contrast, the glass transition
dynamics of thin films of polar polymeric systems have
not yet been investigated intensively, although there have
been some reports on the dependence of glassy dynamics
on the film thickness for thin films of strong polar poly-
mers such as polysulfone [12] and poly(bisphenol A car-
bonate) [13]. Polyamides are one of these strong polar
polymers [14]. Because of their industrial importance,
many experimental investigations, including dielectric
measurements, have been carried out on polyamides over
the last fifty years [15–20]. The dielectric spectra of the
polyamide family exhibit many processes, including γ-,
β-, and α-processes related to the molecular motion of
polymer chains during heating from a low temperature
to a high temperature of up to 140◦C. These processes
are generally attributed to local motions of the methy-
lene groups (γ-process), rotations of the amide groups
(β-process), or segmental motions (α-process) [14]. In
addition to these three processes, other large dielec-
tric signals are observed in high-temperature and low-
2frequency regions, and should be related to the motion
of the charge carriers within the samples. The DC con-
ductivity process, the process related to the Maxwell-
Wagner-Sillar (MWS) interfacial polarization, and the
electrode polarization process (EP-process) are usually
observed [21]. For polyamides, the charge carrier related
to the three processes is mainly charged hydrogen, i.e.,
protons, which come from the amide linkage formed via
hydrogen bonding between the carbonyl group and the
amino group [15]. For amorphous polymers, there is no
interface between the crystalline and amorphous phases.
Hence, MWS polarization process is not expected to be a
major process in the low-frequency and high-temperature
region for amorphous polymers. In this case, the EP-
process might be more important than MWS polariza-
tion process. The molecular origin of the electrode po-
larization is the partial blocking of charge carriers at
the sample-electrode interface. This leads to a separa-
tion of the positive and negative charges, giving rise to
additional polarization, as will be further explained in
Sec. III.
Recent dielectric measurements of Nylon 1010 [19]
show that the dependence of the relaxation time of
the EP-process on temperature can be described by the
Vogel-Fulcher-Tammann (VFT) law. This suggests the
possibility of monitoring the glassy dynamics through
investigation of the EP-process. Hence, thin films of
polyamide systems are expected to be suitable for the si-
multaneous investigation of glassy dynamics and the mo-
tion of charge carriers, as well as the correlation between
the two processes. Because the translational motion of
charge carriers can be determined from the EP-process,
polyamides can be regarded as suitable systems for inves-
tigating the correlation between the segmental motion of
polyamide chains and the diffusion motion of charge car-
riers in the polyamide matrix.
In this study, we investigate the dielectric behavior of
thin films of an aromatic polyamide random copolymer
with various film thicknesses. Dielectric relaxation spec-
troscopy is used to elucidate the dependence of the α-
process and the EP-process on the film thickness, which
could lead to a better understanding of the relationship
between the segmental motion and the motion of charge
carriers in confinement. Following this introduction, the
experimental details are given in Sec. II, and the theo-
retical background, especially on the EP-process, is given
in Sec. III. In Sec. IV, the experimental results from di-
electric relaxation spectroscopy are given, along with an
analysis in terms of the model developed by Coelho. Fi-
nally, a brief summary is given in Sec. VI.
II. EXPERIMENTS
A. Samples
The aromatic polyamide random copolymer PA66/6I
was supplied by Solvay [20]. The weight-averaged molec-
ular weight of the copolymer is Mw=1.5×104, and
the distribution of the molecular weight is given by
Mw/Mn=1.6. The chemical formula is schematically
shown in Fig. 1. The glass transition temperature, Tg,
of the original material was measured using differential
scanning calorimetry (DSC), and was found to be 357 K
under heating at a rate of 10 K/min.
The following procedures were carried out to prepare
thin films for dielectric measurements. The polyamide
was first dissolved in 1,4-butanediol at 200◦C to ob-
tain solutions of PA66/6I at concentrations of 2 wt.%,
1 wt.%, and 0.5 wt.% [22]. The solutions were then
diluted at 160◦C with the same amount of chloroform.
Thin films were subsequently prepared on an aluminum
deposited glass substrate from the diluted solution us-
ing spin-coating. Following that, aluminum was again
vacuum-deposited to serve as an upper electrode. The
sample was then annealed at 160◦C for 12 hours be-
fore the dielectric measurements. The thickness of the
film was controlled through the solution concentration
and the speed of rotation during spin coating. The ab-
solute film thickness was determined using atomic force
microscopy measurements.
B. X-ray scattering measurements
X-ray scattering measurements were performed at
SPring-8 BL40B2. A simultaneous measurement sys-
tem utilizing small-angle X-ray scattering (SAXS) and
wide-angel X-ray scattering (WAXS) was used. The mea-
surement conditions were as follows: the camera lengths
were 1757.4 mm and 90.0 mm for SAXS and WAXS, re-
spectively; the X-ray wavelength was 0.9 A˚; the detector
system was a CCD camera with an image intensifier for
SAXS, while that for WAXS was a flatpanel.
C. Dielectric relaxation spectroscopy
Dielectric relaxation spectroscopy (DRS) measure-
ments were made using an LCR meter (Agilent Technol-
ogy, E4980A, 4292A) and Novocontrol AKB analyzer.
The measured frequency range was from 0.01 Hz to
2 MHz and the temperature range was from 93 K to
423 K. The complex electric capacitance C∗mes(ω) was
obtained with the DRS measurements, where ω = 2pif
and f is the frequency of the applied electric field. Be-
FIG. 1: The chemical formula of the amorphous polyamide
copolymer PA66/6I.
3cause of the electric resistance R of the electrode formed
by the vacuum deposition of aluminum, there is an ad-
ditional contribution to the electric capacitance in the
high-frequency region [23]. This contribution can be cor-
rected using the assumption that the sample condenser
can be described as a serial circuit of the condenser C∗(ω)
and R [10]. Here, the following relation holds:
C∗(ω) =
C∗mes + iωR|C∗mes|
1− 2ωR · Im(C∗mes) + ω2R2|C∗mes|2
. (1)
The complex electric capacitance C∗(ω) thus obtained is
described by C∗ ≡ C0ε∗(ω), where C0 is the geometri-
cal capacitance and ε∗(ω) is the complex dielectric per-
mittivity of the sample. Here, C0 = ε0
S
d , where ε0 is
the dielectric permittivity in vacuo, S is the area of the
sample or electrode, and d is the thickness of the sam-
ple or the distance between the two electrodes. In the
present measurements, S=8×10−6m2. The complex di-
electric permittivity is given by:
ε∗(ω) = ε′(ω)− iε′′(ω), (2)
where ε′ and ε′′ are the real and imaginary parts of the
complex dielectric permittivity, respectively. The volt-
age applied to the samples for dielectric measurements
was selected as follows: 1.0 V for d=556 nm, 0.5 V for
d=114 nm, 99 nm, 56 nm, 40 nm, and 0.2 V for d=20 nm.
Hence, the applied electric field E ranges from 2 MV/m
to 12 MV/m for the present measurements.
III. THEORETICAL MODELS OF THE
ELECTRODE POLARIZATION PROCESS
There are several theoretical models of the EP-
process [24–26]. According to these theoretical mod-
els, the relaxation time of the electrode polarization, τep,
and the relaxation strength of the electrode polarization,
∆εep, can be described by a linear function of the dis-
tance between the two electrodes, positive and negative,
which corresponds to the thickness of the thin film, d.
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FIG. 2: Distribution of the charge between two electrodes
under an applied electric field, with switching of the macro-
scopic dipole moment by reversal of the electric field. This
figure has been modified from the original by Coelho.
If there are mobile charge carriers in a sample, then
the spatial distribution of the charges changes depending
on changes in the applied electric field. In the frame-
work of the Debye theory, the dipolar relaxation can be
described as a process associated with viscous forces orig-
inating from the matrix, where the charge carriers move
randomly with thermal fluctuations. In the absence of
an applied electric field, the charge carriers are uniformly
distributed in the sample, and the sample is thus almost
electrically neutral. In the presence of a DC electric field,
however, the charge carriers are separated depending on
their polarity, and a heterogeneous charge distribution
appears within the sample. If the direction of the applied
electric field is reversed, then the charge carriers move in
such a way that a new heterogeneous charge distribution
is reached, as shown in Fig. 2. For an AC electric field,
the dynamics of the charge carriers have been modeled
by Coelho [25], and the complex dielectric permittivity
has been derived for applied electric fields with angular
frequency ω as follows:
ε∗(ω) = ε∞
1 + iωτ
iωτ +
tanhY
Y
, (3)
where
Y ≡ d
2L
√
1 + iωτ, (4)
L ≡
√
Dτ. (5)
Here, τ is the relaxation time characterizing the relax-
ation phenomena of the charge distribution or the elec-
trode polarization upon changes in the external applied
electric field, D is the diffusion constant of the charge
carriers, and L is the Debye length, i.e., the scale of the
characteristic length of the electrostatic double layer near
the electrodes. In addition, the following relations among
τ , µ, σ, and n0 are obtained:
τ−1 =
µen0
ε∞ε0
=
σ
ε∞ε0
, (6)
σ ≡ µen0, (7)
where σ is the dc-conductivity, n0 is the equilibrium con-
centration of charge carriers, e is the elementary electric
charge, µ is the mobility of the charge carrier, and ε∞ is
the dielectric permittivity at very high frequency. Apply-
ing the Einstein relation leads to the following relation
between D and µ:
D =
µkBT
e
, (8)
where kB is the Boltzmann constant, and T is the ab-
solute temperature [27]. This equation is an expression
of the fluctuation-dissipation theorem [28]. Hence, the
Debye length can be expressed as:
L =
1
e
(
ε∞ε0kBT
n0
)1/2
. (9)
4If ωτ ≈ 0 and δ ≡ d/2L≫ 1, then the complex dielec-
tric permittivity can be described by:
ε∗(ω) ≈ ε∞
(
1 +
δ
1 + iωτδ
)
. (10)
In real polymeric materials, there is a distribution of the
relaxation times because of the heterogeneity of the ma-
terials. The dielectric permittivity due to the EP-process
can be expressed as:
ε∗(ω) = ε∞ + ε
∗
ep(ω), (11)
ε∗ep(ω) =
∆εep
1 + (iωτep)αep
, (12)
where
∆εep = ε∞δ = ε∞
d
2L
, (13)
τep = τδ =
ε∞ε0
µen0
d
2L
. (14)
Using Eqns. (9), (13), and (14), we can obtain the follow-
ing equations for the mobility µ(T ) and the equilibrium
concentration of charge carriers n0(T ):
n0(T ) =
4ε0kBT
e2ε∞d2
(∆εep)
2, (15)
µ(T ) =
eε∞d
2
4kBT
1
∆εepτep
, (16)
which relate µ(T ) and n0(T ) to the experimentally ob-
served values of ∆εep(T ) and τep(T ). Here, τep is the
relaxation time of the EP-process. Furthermore, the dif-
fusion constant of the charge carriers, D(T ), can be de-
termined using Eqs. (8), (13), and (14) from the values
of ∆εep and τep as follows:
D(T ) =
ε∞d
2
4∆εepτep
. (17)
IV. RESULTS AND DISCUSSION
A. X-ray scattering measurements
Figure 3 shows the dependence of the X-ray scattering
intensity on the scattering vector q at room temperature
for the amorphous polyamide copolymer PA66/6I. The
scattering profiles for both the SAXS and WAXS regions
are shown in Fig. 3. In the WAXS region, for q > 5
nm−1, there is a broad peak that is usually called an
amorphous halo. This peak originates from the short-
range order of the structure. The amorphous halo is one
typical scattering pattern for amorphous materials. In
the SAXS region, there is no peak, only a continuous de-
cay from q = 0. Hence, we can infer that there is neither
a higher-ordered structure, such as a lamellar structure,
nor a crystalline structure in PA66/6I.
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FIG. 3: X-ray scattering intensity with q ranging from 0.1
nm−1 to 38 nm−1 at room temperature for the amorphous
polyamide copolymer PA66/6I. The upper figure is for the
SAXS region, and the lower one is for the WAXS region.
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FIG. 4: The dependence of the complex dielectric permittivity
on the temperature at various frequencies, for films of the
amorphous polyamide copolymer PA66/6I with a thickness
of 680 nm. (a) The dielectric loss ε′′; (b) the real part ε′ and
a a magnified image of ε′ (inset).
5B. Dielectric spectra in the temperature domain
Figure 4 shows the dependence of the complex dielec-
tric permittivity on the temperature, measured at vari-
ous frequencies for the amorphous polyamide copolymer
PA66/6I at a 680-nm thickness. In Fig. 4 (a), there are
several contributions to the dielectric permittivity de-
pending on the temperature and frequency. There is a di-
electric loss peak due to the γ-process located at around
170 K for 20 Hz, and there is also a broad contribu-
tion due to the β-process between 220 K and 280 K. In
the low-frequency and high-temperature region, there is
a very large contribution, which should be related to the
motion of charge carriers. Here, this behavior can be at-
tributed to the EP-process and/or conductivity, as there
should not be a crystal-amorphous interface in this amor-
phous polyamide copolymer. A detailed discussion on
attributing this to the EP-process is given in Sec. IVD.
In addition to the three contributions, there is the α-
process as a shoulder of the large peak of the EP-process.
In Fig. 4(b), we can also see that there are signals in
the real part of the dielectric permittivity, which corre-
spond to the four different dynamical contributions. It
should be noted that the observed data in Fig. 4 were
obtained after heating above 100◦C. In other words, the
results in Fig. 4 should correspond to those for the dry
state [17, 20]. In this paper, we will concentrate on the
α-process and the EP-process.
C. Dielectric spectra in the frequency domain
For strong polar materials, the EP-process may show a
strong nonlinear effect against the applied electric field.
Figure 5 shows the real and imaginary parts of dielectric
permittivity in the frequnecy domain for various applied
voltages from 0.1 V to 0.5 V in thin films of PA66/6I
with a 40-nm thickness. In Fig. 5, the value of E ranges
from 2.5 MV/m to 12.5 MV/m, in which the selected
range of E in the present measurements is almost in-
cluded. The curves observed for various applied voltages
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FIG. 5: The dependence of the real and imaginary parts of
the complex dielectric permittivity on the frequency at 400 K
for various applied voltages from 0.1 V to 0.5 V in thin films of
the amorphous polyamide copolymer PA66/6I with a 40-nm
thickness.
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FIG. 6: The dependence of the complex dielectric permittivity
on the frequency for thin films of the amorphous polyamide
copolymer PA66/6I with a thickness of 556 nm. (a) The real
part of ε∗ and (b) the imaginary par of ε∗. The temperature
ranges from 422.8 K to 369.5 K.
are overlapped with each other, as shown in Fig. 5. From
these measurements, we can estimate possible maximum
deviation due to the change in electric field as follows: for
the peak frequency of the EP-process fep at a given tem-
perature, possible deviation ∆fep/fep is less than 0.02,
and for the peak value of ε′′ of the EP-process, deivation
is less than 3 %. Therefore, the observed change in peak
position and height of the EP-process with change in the
film thickness is much larger than these possible devia-
tions. Therefore, it can be justified that experimental
results in this paper do not depend on the value of E for
the range of E selected in the present measurements.
Figure 6 shows the dependence of the complex dielec-
tric permittivity on the frequency for thin films of the
amorphous polyamide copolymer PA66/6I with a 556-
nm thickness. In Fig. 6, different processes including the
α-process and the EP-process contribute to the dielec-
tric permittivity. These components are readily observed
over the temperature range from 369 K to 422 K. Fur-
thermore, we also show the dependence of the complex
conductivity σ∗(= σ′+ iσ′′) on the frequency for the thin
films. Here, σ′ and σ′′ are the real and imaginary parts
of the complex conductivity, respectively, and the values
of σ′ and σ′′ are evaluated from the following relataions:
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FIG. 7: The dependence of the logarithm of the real and
imaginary part of complex conductivity observed at 422 K
for thin films of PA66/6I with a 556-nm thickness. The arrow
shows the onset of the EP-process.
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FIG. 8: The dependence of the real and imaginary parts of
the complex dielectric permittivity on the frequency at var-
ious temperatures, (a)422.8 K, (b)413.2 K, (c)403.5 K, and
(d)393.8 K, for thin films of the amorphous polyamide copoly-
mer PA66/6I with a 556-nm thickness showing (red squares)
the imaginary part ε′′ and (green circles) the real part ε′.
The three different contributions to the imaginary part are
also shown: the orange line corresponds to the low-frequency
component ε∗
σ
, the blue line corresponds to the EP-process,
and the pink line corresponds to the α-process. The curves for
the three components and the two observed values of ε′ and
ε′′ were evaluated by fitting the observed values to Eq. (18).
σ′ = ε0ε
′′ω and σ′′ = ε0ε
′ω. Figure 7 shows the depen-
dence of the logarithm of the real and imaginary parts
of the complex conductivity observed at 422 K for thin
films of PA66/6I with a 556-nm thickness. The value
of σ′ approaches a constant value (plateau value) at ca.
104Hz with decreasing frequency, although there is no
exact plateau but with a small slope because of the over-
lap of the α-process. On the other hand, the value of σ′′
shows the signal of the onset of EP-process at 103 Hz. Ac-
cording to the usual interpretation on the EP-process in
the conductivity representation proposed by Kremer and
coworkers [29–31], it is reasonable to regard the “plateau”
of σ′ at 104Hz as the onset of dc-conductivity, which
should be required for the appearance of the EP-process.
If this interpretation is valid, the physical origin of the in-
crease in ε′ and ε′′ in the low frequency region should not
be due to usual conductivity. Wang et al. reported that
there is an increase in ε′ and ε′′ in the lower frequency
region than the location of the EP-process [32]. Further-
more, they attributed this contribution to imperfectness
of the blocking at electrodes of the charge carriers which
are responsible for the EP-process. This effect causes
a deviation from the expected values from the theoreti-
cal model of the EP-process. Here, we adopt this inter-
pretation for the increase in ε′ and ε′′ with decreasing
frequency in low-frequnecy region. In this case, the con-
tributions in the low-frequency region in ε′ and ε′′ are
not directly related to the usual dc-conductivity.
The frequencies at which the dielectric loss peaks due
to the EP- and α-processes are located are shifted from
the lower frequency region to the higher frequency re-
gion with increasing temperature, as shown in Fig 6. In
order to investigate the dielectric properties of the com-
ponents separately, the observed dependence of ε′ and ε′′
on the frequency was reproduced by the following model
function:
ε∗(ω) = ε∞ + ε
∗
σ(ω) + ε
∗
α(ω) + ε
∗
ep(ω), (18)
where ε∗ep(ω) is the complex dielectric permittivity due
to the EP-process described by Eq. (12), ε∗α(ω) is the
dielectric permittivity due to the α-process, and ε∗σ(ω)
is the dielectric permittivity due to the imperfectness of
the blocking at electrodes of the charge carriers. For the
component of ε∗σ, we use simple power-law functions for
both real and imaginary parts of ε∗σ:
Re[ε∗σ](ω) = Aω
−m˜, Im[ε∗σ](ω) = Bω
−m˜′ , (19)
where A, B, m˜, and m˜′ are constants. These functions
work well, as shown in Fig. 8. As for the α-process, we
adopt the Havriliak-Negami equation [33]:
ε∗α(ω) =
∆εα
(1 + (iωτα)αα)βα
, (20)
where ∆εα is the dielectric relaxation strength, αα and
βα are shape parameters, and τα is the relaxation time of
the α-process. In the present analysis, the parameter βα
is fixed at unity because of a reduction in the free fitting
parameters.
Figure 8 shows the dependence of ε′ and ε′′ on the fre-
quency at four different temperatures, 422.8 K, 413.2 K,
403.5 K, and 393.8 K, for a 556-nm-thick thin film of
the amorphous polyamide copolymer PA66/6I. Calcu-
lated curves for the different components are also shown,
and were obtained by fitting the observed data to the
model function, Eq. (18). From Fig. 8, we can see that
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FIG. 9: The dependence of the complex dielectric permittivity
on the frequency for thin films of the amorphous polyamide
copolymer PA66/6I with a thickness of 56 nm. (a) The real
part of ε∗ and (b) the imaginary part of ε∗. The temperature
ranges from 417.6 K to 368.7 K.
the observed dielectric permittivity is very well repro-
duced by the present model function and, as a result,
several important physical quantities can be evaluated
as a function of the temperature and film thickness.
Figure 9 shows the dependence of the complex dielec-
tric permittivity on the frequency for a 56-nm-thick thin
film of the amorphous polyamide copolymer PA66/6I. In
Fig. 9, we can see that the peak height of the EP-process
in the curve of ε′′ vs. f is much smaller for the 56-nm-
thick film than for the 556-nm-thick film. Furthermore,
the peak positions of the EP-process in the frequency
domain at a given temperature are clearly shifted to the
higher frequency region for the 56-nm-thick thin film, as
compared to the 556-nm-thick film. In addition, for the
56-nm-thick film, the present model function again ac-
curately reproduces the observed dielectric permittivity
as a function of frequency for various temperatures, as
shown in Fig. 10.
D. The electrode polarization process
Figure 11 shows the dependence of the relaxation rate
of the EP-process, fep, on the temperature, for thin
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FIG. 10: The dependence of the real and imaginary parts of
the complex dielectric permittivity on the frequency at var-
ious temperatures, (a)417.6 K, (b)407.8 K, (c)397.9 K, and
(d)388.2 K, for thin films of the amorphous polyamide copoly-
mer PA66/6I with a 56-nm thickness. The meanings of the
symbols and curves are identical to those in Fig. 8.
films of the amorphous polyamide copolymer PA66/6I
of various thicknesses, ranging from 20 nm to 556 nm.
The value of fep is evaluated from the relation fep =
(2piτep)
−1 with the best-fitted values of τep obtained us-
ing Eq. (12). Here, the parameter βep is fixed to 1, such
that the resulting frequency fep is equal to the frequency
at which ε′′ exhibits a peak. In Fig. 11, we can see that
the relaxation rate of the EP-process has a stronger tem-
perature dependence than the Arrhenius type of temper-
ature dependence. As shown by the curves in Fig. 11,
the temperature dependence of fep is well reproduced by
the VFT law [34–37]:
τep(T ) = τep,0 exp
(
U
T − T0
)
, (21)
where U is a positive constant, and T0 is the Vogel tem-
perature. At a given temperature, the relaxation rate of
the EP-process increases with decreasing film thickness.
In other words, the relaxation time decreases. The VFT
law is usually valid for the temperature dependence of the
relaxation time of the α-process or the normal mode [38],
and the slowing down of the dynamics when approaching
the Vogel temperature is essential to glassy dynamics.
Therefore, we can expect that the molecular motion of
the EP-process is strongly associated with the molecular
motion, the segmental motion or the normal mode, of
polyamide copolymer systems. This result is consistent
with the results reported in Ref. [19].
In Fig. 11, there seems to be the crossing of the tem-
perature dependence of the rate of the EP-process fep
and that of the α-process fα especially for smaller val-
ues of d. In the region where the two relaxation rates
fep and fα come across, it is very difficult and almost
impossible to seperatre the component of the α-process
from that of the EP-process. The extrapolated curve
of the α-process using the VFT-law intersects with the
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FIG. 11: Dispersion map of the relaxation rate fep of the
EP-process and the relaxation rate fα of the α-process, for
thin films of the amorphous polyamide copolymer PA66/6I
with various thicknesses ranging from 20 nm to 556 nm. The
values of fep and fα are evaluated as fep = (2piτep)
−1 and
fα = (2piτα)
−1, where τep and τα are the fitting parameters
obtained by fitting the observed ε∗ to Eq. (18). The curves
are governed by the VFT law. The curves of the α-process
were obtained under the condition that the Vogel temperature
T0 was fixed at the value obtained by fitting the temperature
dependence of τ−1ep to Eq. (21).
observed curve of the EP-process in the low-frequency
region. Because the α-process induces the EP-process, it
is reasonable to imagine that the two curves will merge
without intersection.
Figure 12 shows the dependence of the Vogel temper-
ature T0 on the film thickness, evaluated by fitting the
observed temperature dependence of the relaxation rate
of the EP-process to the VFT law. Here, the glass tran-
sition temperature Tg is also evaluated, such that the
relaxation time of the EP-process, τep, is equal to 10
3 sec
at Tg, and the resulting Tg is plotted in Fig. 12. Fur-
thermore, the glass transition temperature determined
by DSC measurements is also plotted, for comparison
with other Tg results. Here, for the bulk system, the
Tg from DSC is 357 K, the Tg evaluated from the re-
laxation rate of the EP-process is 357.3±0.8 K, and the
Vogel temperature T0 is 299±6 K. The Tg evaluated from
the EP-process agrees very well with that from the DSC
measurements. The difference between T0 and Tg is ap-
proximately −58 K, which is consistent with the empir-
ical relation that T0 is approximately 50 K lower than
Tg [39]. Therefore, this result suggests that the relax-
ation rate of the EP-process can be utilized to determine
the dynamics of the segmental motion, that is, the glassy
dynamics, especially near the glass transition region. In
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FIG. 12: The dependence of the Vogel temperature T0 ()
and the glass transition temperature Tg (◦) on the film thick-
ness, as determined by the temperature dependence of the
relaxation time τep of the EP-process for thin films of the
amorphous polyamide copolymer PA66/6I. Here, Tg is defined
such that τep(Tg) = 10
3sec. The value of Tg as evaluated by
DSC measurements is also shown.
Fig. 12, we can see that both Tg and T0 decrease slightly
with decreasing film thickness.
As shown in the above, the temperature dependence of
the relaxation time of the EP-process is used to determine
the glass transition temperature Tg of the amorphous
polyamide copolymer PA66/6I. Furthermore, we can use
the observed temperature dependence of τep to determine
the fragility index, which characterizes the glassy dynam-
ics of amorphous materials. Here, we define the fragility
index m as follows [40]:
m =
(
d log10 τep(T )
d(Tg/T )
)
T=Tg
, (22)
where the relaxation time τep is used instead of τα, which
should be used in the formal definition of the fragility
index.
Figure 13 shows the dependence of the apparent
fragility index on the film thickness, evaluated using the
temperature dependence of the relaxation time of the EP-
process for thin films of the amorphous polyamide copoly-
mer PA66/6I. In Fig. 13, the fragility index increases with
decreasing film thickness. Therefore, the glassy dynamics
of these thin films are expected to become more fragile
with decreasing film thickness, provided that this appar-
ent fragility index can be regarded as the fragility index
evaluated from the relaxation time of the α-process. A
more in-depth discussion on this issue is given in Sec. V.
The dependence of the dielectric relaxation strength on
the film thickness at 403 K for the EP-process is shown
in Fig. 14, for thin films of the amorphous polyamide
copolymer PA66/6I. The dielectric relaxation strength
of the EP-process, ∆εep, monotonically increases with in-
creasing film thickness. Above d = 100 nm, the thickness
dependence of ∆εep is well fitted by a straight line with a
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of the relaxation time of the electrode polarization process.
Here, Tg is defined as the temperature at which the relaxation
time τep is equal to 10
3 sec.
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three values of the thin films of PA66/6I with a thickness
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slope of unity, as shown by the red line in Fig. 14. Accord-
ing to the theoretical model of the electrode polarization,
the dielectric relaxation strength of the EP-process can
be expressed as a linear function of the thickness of the
sample, i.e., the distance between the two electrodes, as
shown in Eq. (13). Therefore, the linear relationship be-
tween ∆εep and the film thickness can be regarded as
strong evidence for the validity of attributing the EP-
process to the strongest dielectric loss signal observed in
the present measurements. Furthermore, it should be
noted that there is a distinct deviation of the thickness
dependence of ∆εep from the straight line with a slope of
unity. If ∆εep (τep) can be expressed as a linear function
of d, the Debye length L and the characteristic relaxation
time of the electrode polarization τ should be indepen-
dent of the film thickness. However, if this is not the case,
the values of L and τ should depend on the film thick-
ness. Therefore, this deviation implies that there is an
intrinsic dependence on the film thickness for the phys-
ical mechanism of the EP-process, for thin films with a
thickness less than a critical thickness dc (60 nm < dc <
100 nm ).
Figure 15(a) shows the dependence of the relaxation
rate of the EP-process, fep, on the film thickness, at
413 K, 393 K, and 373 K, for thin films of the amor-
phous polyamide copolymer PA66/6I. For a thickness
larger than dc, the dependence of the relaxation rate of
the EP-process on the film thickness is well described by
the following relation:
fep ∼ d−1. (23)
This result is consistent with Eq. (14) for the present
model of the EP-process. Below dc, there is an intrinsic
deviation from Eq. (14) in the same manner as observed
for the dielectric relaxation strength of the EP-process.
E. The α-process
In this section, we will discuss the experimental results
on the relaxation time of the α-process for thin films
of the amorphous polyamide copolymer PA66/6I. The
dielectric relaxation strength of the α-process is much
smaller than that of the EP-process, as shown in Fig. 6.
It is thus difficult to evaluate the physical parameters of
the α-process by extracting the component caused by the
α-process from the overall dielectric spectra. However,
data fitting by Eq. (18) enables the extraction of only the
component from the α-process, as well as the elucidation
of the temperature dependence of the relaxation rate of
the α-process, as shown in Fig. 11.
For thin films of PA66/6I with a given film thickness,
the relaxation rate of the α-process is located at a higher
frequency region than that of the EP-process, at a given
temperature. The deviation of the relaxation rate of the
α-process from that of the EP-process becomes smaller
as the temperature approaches the glass transition tem-
perature. Hence, the α-process appears to merge with
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FIG. 16: The dependence of the charge carrier mobility µ on
the inverse of the absolute temperature 1/T , for thin films of
the amorphous polyamide copolymer PA66/6I with various
thicknesses ranging from 556 nm to 40 nm. The curves were
obtained by fitting the observed values to the VFT equation
for the mobility, Eq. (15). In the inset, the dependence of
the equilibrium concentration of charge carriers n0 on 1/T is
also given for the same thin films of the amorphous polyamide
copolymer PA66/6I.
the EP-process with decreasing temperature. This is the
reason for the difficulty in evaluating the relaxation rate
of the α-process. At the same time, the merging of the
α-process with the EP-process can be regarded as an ev-
idence that the EP-process is strongly associated with
the α-process, especially at the glass transition region.
In Fig. 11, the temperature dependence of the relaxation
rate of the α-process is well reproduced by the VFT law,
under the condition that the Vogel temperature of the
α-process is the same as that of the EP-process for each
film thickness.
As for the dependence of the α-process on the film
thickness, the dielectric relaxation strength and the re-
laxation rate of the α-process are shown as functions of
the film thickness at a given temperature in Fig. 14 and
Fig. 15(b), respectively. Although there is some scatter in
the data points, they suggest that there is almost no sys-
tematic dependence of the dielectric relaxation strength
and the relaxation rate of the α-process on the film thick-
ness, for the thickness range investigated in this study.
The dependence of the relaxation rate of the α-process
on the film thickness in comparison to that of the EP-
process is discussed in Sec. V, for thin films of PA66/6I.
F. Relaxation of the distribution of space charge
As shown in Sec. IVD, the dielectric relaxation phe-
nomenon of the EP-process exhibits an interesting de-
pendence on the temperature and film thickness, for the
amorphous polyamide copolymer PA66/6I. Here, we try
to evaluate the intrinsic nature of the EP-process, based
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FIG. 17: The dependence of the diffusion constant of the
charge carriers D on the inverse of the absolute temperature
1/T , for thin films of the amorphous polyamide copolymer
PA66/6I with various thicknesses ranging from 556 nm to
40 nm.
on the theoretical model given in Sec. III. From the ob-
served values of τep(T ) and ∆εep, the temperature depen-
dence of the mobility and equilibrium concentration of
charge carriers within the polymeric system can be eval-
uated using Eqs. (15) and (16). Figure 16 shows this de-
pendence for thin films of PA66/6I of various thicknesses.
In Fig. 16, the equilibrium concentration of charge car-
riers n0 shows a weak temperature dependence (figure
inset), while the mobility µ(T ) shows a strong tempera-
ture dependence that can be expressed by the VFT law
of mobility as follows:
µ = µ0 exp
(
− U˜
T − T0
)
. (24)
Here, µ0 and U˜ are positive constants. The Vogel tem-
peratures T0 obtained from µ(T ) are 294 K and 298 K
for d =40 nm and d >99 nm, respectively. These values
are nearly identical to those evaluated from τep(T ), as
shown in Fig. 12.
For the thin films with thicknesses of 556 nm, 114 nm,
and 99 nm, the temperature dependences of the mobility
agree well with each other, and are well reproduced by
the VFT law with the same parameters. However, for
the thin films with thicknesses less than dc, the mobility
of the charge carriers at a given temperature increases
with decreasing film thickness. This is consistent with
the results of the relaxation rate of the EP-process in
Fig. 15, that is, the crossover of fep from the straight
line with a slope of -1 to the line with a larger slope as
the film thickness decreases. Therefore, we can conclude
that the intrinsic mobility of the charge carriers remains
almost unchanged for a film thickness above a critical
thickness dc, while the mobility increases with decreasing
film thickness below dc.
Furthermore, the diffusion constant of the charge carri-
ers D(T ) can be evaluated from the mobility µ(T) using
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Eq. (8), as shown in Fig. 17. In Fig. 17, the diffusion
constant can be reproduced using the relation
D(T ) = D0T exp
(
− U˜
T − T0
)
, (25)
where D0 is a positive constant. The value of D changes
from 10−13 cm2/sec to 10−8cm2/sec as the temperature
changes from 363 K to 410 K, for thin films of the amor-
phous polyamide copolymer PA66/6I with a thickness
larger than dc. Below dc, an intrinsic increase in D is ob-
served, similar to that for the mobility µ. Therefore, the
translational motion of the charge carriers is intrinsically
enhanced with decreasing film thickness.
V. DISCUSSION
From the observed dielectric spectra for thin films of
PA66/6I, we successfully discerned the separate contribu-
tions from the EP-process and the α-process. The phys-
ical origin of the α-process is due to segmental motion,
which can be regarded as a rotational motion of poly-
meric segments, while that of the EP-process is due to
the translational motion of charge carriers. Because the
motion of charge carriers is activated via the molecular
motion of the polyamide systems in which the charge car-
riers are located, the motion of charge carriers is strongly
associated with the molecular motions of polymer chains.
A. Glassy dynamics evaluated from the EP-process
As shown in Fig. 11, the temperature dependence of
τep(T ) is well reproduced by the VFT law. Hence, we ex-
pect that the glass transition behavior of PA66/6I can be
evaluated from the EP-process. Figure 12 clearly shows
that Tg is well evaluated using τep(T ). The fragility index
evaluated from τep increases with decreasing film thick-
ness, as shown in Fig. 13. The dependence of Tg and the
fragility indexm on the film thickness has been measured
for the thin films and/or nanoparticles of several poly-
mers without strong polarity [41–43]. Both Tg and the
fragility index decrease with decreasing film thickness for
many cases. In contrast, the present result clearly shows
that as the film thickness decreases, the fragility index in-
creases, while Tg decreases. This inverse dependence on
thickness ofm might be associated with the strong polar-
ity of PA66/6I. The fragility index can be regarded as a
measure of the cooperativity of the α-process or segmen-
tal motion [40]. In the case of polyamides, the formation
of a network as a result of the hydrogen bonding can
promote the cooperativity of the glassy dynamics, even
in thin films.
B. Coupling or decoupling of translational and
rotational motions
As shown in Fig. 15(a), the relaxation rate of the EP-
process shows an intrinsic increase below a critical thick-
ness, that is, fep increases with decreasing film thickness
with a stronger thickness dependence than that described
by the linear relationship between fep and d
−1. This
corresponds to the enhancement in the diffusion motion
of the charge carriers in the thin films with d < dc, as
shown in Fig. 17. On the other hand, the relaxation rate
of the α-process shows almost no systematic dependence
on the film thickness, for the thickness range investigated
in this study, although there is scatter in the data points.
This might be experimental evidence for the decoupling
of the rotational motion of polymer chain segments and
the translational motion of charge carriers in amorphous
polyamide copolymers. More precise measurements are
required in order to discuss this decoupling of the ro-
tational motion and the translational motion in greater
detail.
C. Origin of charge carriers
The dielectric relaxation spectra of amorphous
polyamide copolymers clearly show strong signals for the
EP-process. As mentioned in Sec. I, there are several pos-
sible candidates for charge carriers in polyamides. One of
the most promising is ionized protons. From the present
analysis of the EP-process on the basis of the theoretical
model developed by Coelho [25], the diffusion constant
and equilibrium concentration of the charge carriers are
obtained as shown in Figs. 16 and 17. The charge carrier
concentration n0(T ) shows almost no significant temper-
ature dependence for the temperature range investigated
in this study, and has a value of n0 ≈ 1018 cm−3. The
concentration of hydrogen atoms in the polyamide can
be evaluated as nH0 ≈ 5 × 1021cm−3. Therefore, the ra-
tio of the concentration of the charge carriers to that of
the hydrogen atoms in the polyamide can be calculated
as follows: n0/n
H
0 = 0.02 %. Hence, ionized protons are
possible candidates for the charge carrier in PA66/6I.
The absolute values of the diffusion constants of the
charge carriers obtained in this study can be compared
with those of various particles in the literature in the
following mammer:
1. It is well-known that there is a possibility of wa-
ter uptake in polyamide. The diffusion constant of
adsorbed water molecules in amorphous polyamide
copolymers has been measured by neutron scat-
tering and is estimated to be between 10−6 and
10−5cm2/sec for the temperature range from 350 K
to 430 K [20].
2. The mutual diffusion constant of polystyrene (PS)
chains at the interface between h-PS and d-PS
has been reported in Ref. [44]. For Mw =10
5,
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the mutual diffusion constant of PS changes from
2.0×10−16 to 1.2×10−14cm2/sec, as the tempera-
ture increases from 396 K to 413 K.
3. Similar measurements of the diffusion constant of
deuterated polyethylene (PE) in a matrix of hy-
drogenated PE show that the diffusion cosntant at
449 K is equal to 0.2×M−2.0w [45]. Here, for Mw =
104, the value of D is equal to 2×10−9cm2/sec.
4. The tracer diffusion constant of the chloride ion Cl−
in polyamide-6 film has been measured in Ref. [46].
The diffusion constant ranges from 1.4×10−9 to
3.4×10−8cm2/sec, depending on the pH at room
temperature.
5. The calculated diffusion constant of the hydrogen
combined to the terminal amines in polyamide-6,6
is reported to be 6×10−13cm2/sec at 298 K [47].
The diffusion motion of water adsorbed on PA66/6I is
much faster than the observed diffusion motion in this
study. The observed diffusion constants of the chloride in
polyamide-6 and the calculated ones of the combined hy-
drogens in polyamide-6,6 are larger than those observed
in PA66/6I. On the other hand, the diffusion constants
related to the reptation motion of PE chains are compa-
rable to the observed values.
The comparison of the observed diffusion constants for
PA66/6I in Fig. 17 with various diffusion constants in
the literature suggests that the molecular motion of the
charge carriers is strongly correlated with the motion of
entire chains of the polyamide, if ionized protons are the
actual charge carriers responsible for the EP-process in
PA66/6I. The observed results are quite consistent with
this idea, although further direct measurements of both
the molecular motion of ionized protons and the repta-
tion motion of the polyamide are required for further
investigation.
VI. CONCLUDING REMARKS
In this study, the dynamics of the electrode polariza-
tion process (EP-process) and the α-process in thin films
of an amorphous polyamide copolymer were investigated
using dielectric relaxation spectroscopy measurements.
The obtained results are summarized as follows:
1. The relaxation time of the EP-process has a
Vogel-Fulcher-Tammann type of temperature de-
pendence, and the Tg evaluated from the EP-
process agrees very well with the Tg determined
from differential scanning calorimetry measure-
ments. The fragility index derived from the EP-
process increases with decreasing film thickness.
2. There is a distinct deviation from this linear law for
thicknesses smaller than a critical value. This de-
viation corresponds to an increase in the diffusion
constant of the charge carriers, which are responsi-
ble for the EP-process. The α-process is located in
a region of higher frequency than the EP-process at
high temperatures, but merges with the EP-process
near Tg.
3. The dependence of the relaxation time of the α-
process on the film thickness is different from that
of the EP-process. This suggests that there is de-
coupling between the segmental motion of the poly-
mers and the translational motion of charge carriers
in confinement.
In the present study, we successfully derived the phys-
ical properties of the glassy dynamics from those of the
EP-process. This means that it is possible to evaluate the
glassy dynamics even if the α-process cannot be observed
as a result of the existence of a large signal related to the
motion of charges. Molecular motion, such as the α-
process, may be clarified in large polar polymeric sytems
through the EP-process. For crystalline polyamide sys-
tems, the Maxwell-Wagner-Sillar interfacial polarization
process should appear, in addition to the EP-process.
Even in such systems, the evaluation of the glassy dy-
namics from the EP-process should be possible in princi-
ple, although actual data analysis would be very difficult.
We also showed that there is possible decoupling between
the rotational motion of polyamide chain segments and
the translational motion of charge carriers.
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